The adsorption of para-dihydroxybenzene (p-DHB) from aqueous multi-component systems onto activated charcoal was investigated. The study involved the adsorption of p-DHB from systems containing all combinations of p-DHB, phenol and 4-amino-1-naphthalene sulphonic acid sodium salt (ANSA) in aqueous solutions. Equilibrium isotherms were generated at three temperature values (30°C, 40°C and 55°C). As expected for exothermic physical adsorption, the adsorption of p-DHB from the single-component system and from the binary system containing ANSA decreased with increasing temperature. However, the adsorption of p-DHB from the binary system containing phenol increased with temperature.
INTRODUCTION AND LITERATURE REVIEW
Phenol and phenol-derived species are considered as potential pollutants in industrial and wastewater streams. The removal of these organic contaminants from aqueous solutions is necessary to control environmental pollution and the probable re-use of water in different industrial or agricultural applications, especially in arid or dry places.
para-Dihydroxybenzene (p-DHB) is such a phenolic material. It is both toxic and a strong irritant. It is found in the effluent waste streams of many processes including those concerned with dyestuffs, black-and-white photography or paint and varnish industries.
Many techniques are used to remove organic materials from aqueous solutions. Adsorption is one such method that is gaining more and more attention in organic-removal studies. Adsorption is a useful and simple technique allowing both kinetic and equilibrium data to be obtained and does not need sophisticated apparatus (Noll et al. 1992) . Although many mathematical models are available in the literature for predicting adsorption, the acquisition of equilibrium data remains fundamental for validating such models.
Because of its suitable characteristics, activated carbon is widely used to adsorb organic compounds from dilute aqueous systems. The properties of activated carbon are attributed to its porosity, high surface area and high affinity to many organics. However, the adsorption of organic compounds onto a carbon surface involves a complex interplay between electrostatic and nonelectrostatic interactions. Electrostatic interactions are found in electrolyte solutions, while non-electrostatic ones arise as a result of dispersion and hydrophobic interactions. These interactions depend on the characteristics of the adsorbent, adsorbate and the chemistry of both the solution and the carbon surface (Moreno-Castilla 2004) .
Recently, Terzyk (2003a) studied the role of carbon functionalities in the mechanism of phenol adsorption from aqueous solution. The adsorption kinetics and the dependency of adsorption on temperature and pH were investigated. It was concluded that the adsorption mechanism of phenol is not determined only by π-π interaction and donor-acceptor complex formation, but also by the solvent effect. The mechanism of the physical and chemical adsorption of phenol from aqueous solutions onto commercial unmodified activated carbons was also investigated (Terzyk 2003b) . Besides studying the kinetics of the process, this study also involved investigations of the effect of temperature and pH on adsorption. From this study, the author concluded that the solvent effect involved in the mechanism for phenol adsorption was strongly dependent on temperature.
The adsorption of phenol and 3-chlorophenol onto the surface of activated carbon from aqueous solution has been examined within the framework of Dubinin's theory (Stoeckli et al. 2001) . These authors found that the adsorption can be described by an equation of the DRK type with an exponent n equal to four. This approach showed an advantage over the application of the Langmuir isotherm.
Numerous research studies have dealt with adsorption from single-component systems (Weber and Chakrovorti 1974; Spahn and Schlunder 1975; Moon and Lee 1986; Halhouli et al. 1995) . However, because of the complexity of the experimental set-up and analysis involved, adsorption studies on multi-component systems are relatively less in number (Carl and Seidel 1992; Sorial et al. 1993; Selvakumar and Hseih 1988; Vidic and Suidan 1991; Khan et al. 1997) . Siedel and Gelbin (1988) studied the adsorption of organic compounds from aqueous multi-component solutions onto activated carbon and tested the applicability of the ideal adsorbed solution (IAS) theory. They found some deviation between experiment and theory which they attributed to the activity coefficient of the adsorption phase. Ceresi and Tien (1991) studied the adsorption of phenol onto carbon from a system containing three adsorbates and used the Wang and Tien algorithm (Wang and Tien 1982) to correlate their results. They found good agreement between the experimental data and the predictions of the Wang and Tien algorithm.
The adsorption of phenol from binary and ternary systems onto decolourizing carbon was studied by Halhouli et al. (1997) , whilst its adsorption from an aqueous quaternary system containing four typical pollutants was examined by Darwish et al. (1998) . The quaternary adsorption system was modelled using the extended Langmuir predictive model and the ideal adsorption solution (IAS) theory. The predicted results using the extended Langmuir model and IAS theory were in good agreement, but a deviation was observed from the experimental data.
In a recent study, Wagner and Schulz (2001) investigated the adsorption of phenol, chlorophenols and dihydroxybenzenes onto unfunctionalized polymeric resins over the temperature range 21.15-45.15°C. The adsorption data were fitted by isotherms of the Redlich and Peterson type with a standard deviation of 1.1.
In the present work, the adsorption isotherms for p-DHB from single-component, binary and ternary systems onto activated carbon are presented. The binary systems studied were p-DHB + 4-amino-1-naphthalene sulphonic acid sodium salt (ANSA) and p-DHB + phenol, while the ternary system contained all three components (p-DHB + ANSA + phenol). The effects of temperature and of two inorganic salts (KCl and NaCl) on the adsorption of p-DHB are discussed.
EXPERIMENTAL
All chemicals used in this study were of research grade quality. Phenol was supplied by Merck, para-dihydroxybenzene (p-DHB) was supplied by Fluka and 4-amino-1-naphthalene sulphonic acid sodium salt (ANSA) was supplied by Aldrich. The activated carbon was a "decolourizing" powder supplied by BDH Chemicals and was used without further treatment.
Aqueous stock solutions for the single-component, binary and ternary systems were prepared by dissolving 200 mg of the required organic material in 1 l distilled water. This gave an initial concentration of 1.82 mmol/l p-DHB, 2.12 mmol/l phenol and 0.816 mmol/l ANSA in all systems. To study the effect of inorganic salts on the adsorption isotherms, sufficient KCl or NaCl was added to the above solutions to achieve a 0.05 M concentration of either salt.
To each of a set of glass test-tubes was added 100 ml of the stock solution. Using an analytical balance with a precision of ± 0.1 mg (Mettler AJ100), each tube was then charged with a different amount of charcoal ranging from 0.05 g to 1.00 g to obtain different equilibrium concentrations of the investigated adsorbent. The tubes were tightly closed and fixed to a rocking assembly inside a water bath whose temperature could be controlled to within ± 0.1°C. The tubes were shaken for a sufficient time period to allow their contents to attain equilibrium. This was verified by checking the concentration of the adsorbate (the organic material) in the suspension at different times. The time needed to attain equilibrium was within 1 h. Nevertheless, each sample was stored overnight before analysis.
To effect such analysis, the charcoal was filtered from the suspension (using a Whatman No. 40 filter paper), 10 ml of the filtrate was withdrawn, diluted to 100 ml and then analyzed for the equilibrium concentration of adsorbate(s). Reproducibility was ensured by repeating the experiment under the same conditions. The experimental uncertainty was found to be better than 1 ppm. Concentration analysis was performed using a Spectronic 21UVD spectrophotometer employing wavelengths of 272, 290 and 310 nm, respectively, for phenol, dihydroxybenzene (p-DHB) and 4-amino-1-naphthalene sulphonic acid sodium salt (ANSA). The detailed analysis procedure has been presented elsewhere (Halhouli et al. 1995) .
The specific adsorption (uptake or capacity of the adsorbent), q e (mmol adsorbate/g carbon), was found from a simple (component) material balance as follows: (1) where C 0 and C e are the initial and equilibrium concentrations of the organic component, respectively, V is the volume of the tested solution and m is the mass of added charcoal.
MODELS FOR EQUILIBRIUM ADSORPTION
Equilibrium adsorption data are usually presented as adsorption isotherms. Many adsorption models showing the relationship between the adsorbed amount (uptake), q e , and the solution concentration, C e , are available in the literature (Do 1998). However, because of its simplicity, the Langmuir model is frequently utilized to describe adsorption systems. For single-site adsorption, 
where b (mmol/g) and K (l/mmol), which are both temperature-dependent, are called Langmuir constants.
Equation (2) can be easily transformed into the following linearized "Langmuir" isotherm:
However, if each molecule occupies two sites on adsorption, the Langmuir model becomes:
for which the corresponding linearized form becomes:
RESULTS AND DISCUSSION

Single-component systems
It is well known that the magnitude of the pH determines the properties of a solute and also the properties of a carbon surface (Radovic et al. 1997) . For the various experimental conditions employed in the present work (e.g. different carbon dosage, different temperatures, etc.), the solution pH levels was found to change over the range 7.2-7.8 which was considered to have a negligible effect on the adsorption characteristics of the system. The equilibrium isotherms measured at 30°C, 40°C and 55°C, respectively, for the adsorption of p-dihydroxybenzene (p-DHB) onto activated charcoal from a single-component system are presented in Figure 1 . The amount of p-DHB adsorbed at equilibrium increased as the p-DHB concentration in the solution increased, with the adsorption isotherms apparently following the Langmuir model. It is also clear from this figure that, for a given equilibrium concentration of adsorbate (p-DHB) in solution, the amount adsorbed decreased with increasing temperature. For example, at a solution concentration of 1.0 mmol/l, the adsorbed amounts of p-DHB were 0.78, 0.70 and 0.52 mmol/g at 30°C, 40°C and 55°C, respectively. This behaviour is expected for physical adsorption systems which are known to be exothermic in nature (Do 1998). However, Terzyk et al. (2003) have shown that this process is endothermic during some stages of the adsorption. Figure 2 illustrates the application of the linearized Langmuir isotherm to the data in Figure 1 assuming a dual-site adsorption process (plots of 1/q e versus ). It is clear from this figure that the linearity of the plots is fairly good, thereby supporting a dual-site adsorption mechanism for p-DHB. It should be noted that, in contrast, attempted application of the linearized Langmuir isotherm for single-site adsorption (plots of 1/q e versus 1/C e ) gave a poor representation of the data. adsorption of p-DHB was greater than that of phenol, thereby indicating a higher affinity of carbon towards p-DHB relative to phenol.
Binary systems
The adsorption isotherms for p-DHB from two different binary systems at 30°C, 40°C and 55°C are depicted in Figures 3 and 4 . Figure 3 illustrates the data for a binary system containing ANSA and p-DHB while Figure 4 shows that for the second system containing phenol and p-DHB. In the same way as for the adsorption of p-DHB from the single-solute system, the uptake of p-DHB from the binary system containing ANSA (Figure 3 ) decreased with increasing temperature, but the values of the uptake were lower than those from the single-component system at all temperatures. Thus, for example, the amounts of p-DHB adsorbed at a C e value of 1.0 mmol/l were 0.5, 0.38 and 0.32 mmol/g at 30°C, 40°C and 55°C, respectively (Figure 3 ). In contrast, 0.80, 0.74 and 0.54 mmol p-DHB/g sorbent, respectively, were adsorbed from the single-component system at the same C e value at the same temperatures. The uptake of p-DHB from the second system containing phenol besides p-DHB is shown in Figure 4 . If the isotherms depicted in the figure are compared with those shown for the singlecomponent system in Figure 1 , it will be seen that the amount of p-DHB adsorbed was lower from the binary system than from the single-component system. The effect of temperature on the adsorption of p-DHB from this binary system was reversed. Figure 4 shows that the adsorption of p-DHB increased with increasing temperature, in contrast to the adsorption behaviour observed in For example, at a C e value of 1.0 mmol/l, the amount of p-DHB adsorbed increased from 0.36 mmol/g at 30°C to 0.54 mmol/g at 55°C. Both ANSA and phenol inhibit the adsorption of p-DHB and, as will be discussed below, a similar inhibition effect has also been found for phenol (but to a lesser extent) for the adsorption of p-DHB from a ternary system including both phenol and ANSA. The capacity of phenol (but not ANSA) to inhibit the simultaneous adsorption of p-DHB decreased at higher temperatures. For example, the adsorption of p-DHB from the binary system containing phenol at 55°C, as shown in Figure 4 , is comparable to the single-solute adsorption of p-DHB at 55°C presented in Figure 1 . Hence, the capacity of phenol to inhibit becomes more important at lower temperatures. This could be attributed to the well-known property of phenol to form polyphenols, particularly in dilute solutions, through establishment of the structure (Prauznitz et al. 1999 ):
This phenomenon of phenol association is known to be exothermic. Thus, at lower temperatures, polyphenols will occupy more of the available adsorption sites. At higher temperatures, where the association constant is lower, more sites will be freed and become available for p-DHB adsorption. The sums of the amounts of p-DHB and ANSA adsorbed from their binary systems at the three temperatures studied are presented in Table 1 . Similar results for the p-DHB + phenol binary system are listed in Table 2 . It is clear from the data in Table 1 that the total amount of adsorbed material (p-DHB + ANSA) was comparable to the individual amount of p-DHB or ANSA adsorbed from their single-component systems. This is true for all the temperatures studied. This indicates that p-DHB and ANSA have equivalent adsorption affinities and that they compete for the same active sites, i.e. active sites are equally available for both adsorbates. This, in turn, means that no interaction occurred between the adsorbed p-DHB and ANSA species.
However, the data in Table 2 demonstrate that the amount of p-DHB adsorbed from the singlecomponent system was much higher than the sum of the amounts of p-DHB and phenol adsorbed at 30°C. The same result, although decreasing in magnitude with increasing temperature, was found at 40°C and 55°C. This accords with the above discussion regarding the inhibitory capacity of phenol which could result from hydrogen-bonded polyphenols.
Ternary system
The adsorption extents of p-DHB from a ternary system containing p-DHB, phenol and ANSA at 30°C, 40°C and 55°C are depicted in Figure 5 . From the figure it appears that the amount of p-DHB adsorbed from the ternary system was almost unaffected by temperature variations. The argument advanced above in discussing the same phenomenon in Figure 4 is also applicable here, where ANSA and phenol have opposite effects. However, it can be seen that the inhibitory capacity of phenol to retard the adsorption of p-DHB was drastically reduced in the presence of a third component (ANSA).
Effect of adding inorganic salts
The effects of two inorganic salts, KCl and NaCl (dissolved initially at a concentration of 0.05 M in the aqueous solution at 30°C), on p-DHB adsorption are shown in Figures 6-9 . The first general observation that can be made is that both salts exhibited equivalent effects on the adsorption of p-DHB irrespective of the number of adsorbates in solution. This is not surprising in view of the similarities in the physical and chemical properties of K + and Na + ions. The second observation applying to the systems depicted in Figures 6-9 is that the adsorption of p-DHB was reduced in the presence of a salt. Such a reduction in p-DHB adsorption was considerable for single-solute adsorption as shown in Figure 6 . Moreover, its extent was greater at higher equilibrium concentrations of p-DHB. For example, the decrease in p-DHB adsorption at a C e value of 1.0 mmol/l may be estimated as 35% for the single-component system ( Figure 6 ). This may be attributed to competitive adsorption with the salt ions.
The adsorption of p-DHB from the binary system containing ANSA, p-DHB and inorganic salts is shown in Figure 7 . This figure shows that adding KCl or NaCl to this binary system decreased the adsorption of p-DHB by ca. 33% (from 0.54 mmol/l to 0.36 mmol/l at C e = 1.0 mmol/l). It has been noted elsewhere (Al-Jahmani 1995) that the addition of the same salts increased the adsorption of ANSA by ca. 5%. Because the total number of active surface sites is limited and the adsorption of p-DHB and ANSA is competitive, this would lead to a decrease in the adsorption of p-DHB. Moreover, the addition of KCl or NaCl also reduces the extent of p-DHB adsorption. On the other hand, when the same inorganic salts were added to the binary system containing phenol + p-DHB, the adsorption of p-DHB decreased by ca. 20% at C e =1.0 mmol/l, as shown in Figure 8 . A previous study by Halhouli et al. (1997) demonstrated that the addition of KCl or NaCl had no effect on the adsorption of phenol; hence, this decrease must be attributed to the effect of the salt ions on the adsorption of p-DHB. Figure 9 shows the effect of adding KCl or NaCl on the adsorption of p-DHB onto activated charcoal from the ternary system containing p-DHB, ANSA and phenol at 30°C. It is clear from the figure that the change in p-DHB uptake was only slight in this case. As mentioned above, the addition of KCl or NaCl has no effect on the adsorption of phenol, although the presence of salt increases the adsorption of ANSA and decreases the adsorption of p-DHB from single systems. The overall change is therefore negligible.
CONCLUSIONS
The adsorption isotherms for p-dihydroxybenzene (p-DHB) from aqueous systems onto activated carbon were determined at 30°C, 40°C and 55°C. Single-component, binary [containing 4-amino-1-naphthalene sulphonic acid sodium salt (ANSA) and p-DHB], binary (containing phenol besides p-DHB) and ternary systems (containing p-DHB + ANSA + phenol) were considered. Analyses of the results have focused mainly on the adsorption of p-DHB from these four systems. It was found that increasing the temperature led to a decrease in p-DHB adsorption from the single-component system and from the binary system containing ANSA. The adsorption of p-DHB from the binary system containing phenol increased with increasing temperature, while temperature had no significant effect on the adsorption of p-DHB from the ternary system. The presence of ANSA or phenol decreased the adsorption of p-DHB in all systems. This decrease was larger in the ternary system, thereby reflecting the effects of both ANSA and phenol.
The experimental results showed that the presence of KCl or NaCl (at 0.05 M in the aqueous solution) led to a decrease in the adsorption of p-DHB from the single-component system and from the binary system containing ANSA. The effect of the presence of salts on the other binary system containing phenol was only slight, while it was negligible in the ternary system. The effect of KCl on the adsorption of p-DHB was similar to that of NaCl.
